Studies of the genetic factors associated with human autoimmune disease suggest a multigenic origin of susceptibility; however, how these factors interact and through which tolerance pathways they operate generally remain to be defined. One key checkpoint occurs through the activity of the autoimmune regulator AIRE, which promotes central T cell tolerance. Recent reports have described a variety of dominant-negative AIRE mutations that likely contribute to human autoimmunity to a greater extent than previously thought. In families with these mutations, the penetrance of autoimmunity is incomplete, suggesting that other checkpoints play a role in preventing autoimmunity. Here, we tested whether a defect in LYN, an inhibitory protein tyrosine kinase that is implicated in systemic autoimmunity, could combine with an Aire mutation to provoke organ-specific autoimmunity. Indeed, mice with a dominant-negative allele of Aire and deficiency in LYN spontaneously developed organ-specific autoimmunity in the eye. We further determined that a small pool of retinal protein-specific T cells escaped thymic deletion as a result of the hypomorphic Aire function and that these cells also escaped peripheral tolerance in the presence of LYN-deficient dendritic cells, leading to highly destructive autoimmune attack. These findings demonstrate how 2 distinct tolerance pathways can synergize to unleash autoimmunity and have implications for the genetic susceptibility of autoimmune disease.
Introduction
In most individuals, a diversity of tolerance mechanisms work together to prevent autoimmune disease by limiting the activity of self-reactive lymphocytes (1) . Immune tolerance requires integrity of multiple checkpoints within both innate and adaptive branches of the immune system, but how such checkpoints fail in some individuals, leading to particular autoimmune phenotypes, remains poorly understood. Strikingly, most autoimmune diseases exhibit a high degree of genetic susceptibility, and in most cases this susceptibility is multigenic in origin (2, 3) . In spite of this knowledge, little is known about how multiple genes interact to cause disease and which tolerance pathways are compromised.
Humans that harbor a complete defect in the autoimmune regulator (AIRE) gene develop a multiorgan autoimmune syndrome called autoimmune polyglandular syndrome type 1 (APS1) (4, 5) . AIRE promotes T cell tolerance by driving the expression of a wide array of tissue-specific self-antigens (TSAs) in the thymus and therefore is critical for central tolerance of T cells recognizing these TSAs (6) . In addition to rare individuals with autoimmunity and a complete absence of AIRE, a family was identified with an AIRE mutation and dominantly inherited autoimmune susceptibility (7, 8) . A recent study indicates that individuals with dominantly acting alleles of AIRE may be more widespread than initially thought (7) . Individuals with dominant AIRE mutations develop autoimmunity that is less penetrant and has later onset compared with individuals with complete AIRE deficiency. These clinical observations are consistent with hypomorphic AIRE function in individuals with 1 dominant-negative AIRE allele and 1 normal allele, and suggest that additional genetic alterations, perhaps affecting other tolerance checkpoints, may contribute to disease onset in such individuals.
Whereas defects in AIRE function lead to organ-specific autoimmune diseases in humans and mice, defects in Lyn lead to a severe lupus-like systemic autoimmunity in mice (9, 10) . LYN is an Src-family protein tyrosine kinase that is expressed by B cells, myeloid cells, and dendritic cells (DCs), but not by T cells. It has a unique role of enabling function of inhibitory receptors that have immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytoplasmic domains by phosphorylating the ITIMs (9) . Selective deletion in mice of Lyn in B cells or in DCs leads to systemic autoimmunity, the former being especially important for production of antinuclear antibodies and the latter being important for increased inflammation (11) (12) (13) . Although single-nucleotide polymorphisms (SNPs) near the LYN gene have been associated with systemic lupus erythematosus (SLE) in human genome-wide association studies, it is unclear whether these SNPs affect LYN expression or function (14, 15) . There is, however, strong evidence that genetic variation related to 2 inhibitory receptors downstream of LYN can Studies of the genetic factors associated with human autoimmune disease suggest a multigenic origin of susceptibility; however, how these factors interact and through which tolerance pathways they operate generally remain to be defined. One key checkpoint occurs through the activity of the autoimmune regulator AIRE, which promotes central T cell tolerance. Recent reports have described a variety of dominant-negative AIRE mutations that likely contribute to human autoimmunity to a greater extent than previously thought. In families with these mutations, the penetrance of autoimmunity is incomplete, suggesting that other checkpoints play a role in preventing autoimmunity. Here, we tested whether a defect in LYN, an inhibitory protein tyrosine kinase that is implicated in systemic autoimmunity, could combine with an Aire mutation to provoke organ-specific autoimmunity. Indeed, mice with a dominant-negative allele of Aire and deficiency in LYN spontaneously developed organ-specific autoimmunity in the eye. We further determined that a small pool of retinal protein-specific T cells escaped thymic deletion as a result of the hypomorphic Aire function and that these cells also escaped peripheral tolerance in the presence of LYN-deficient dendritic cells, leading to highly destructive autoimmune attack. These findings demonstrate how 2 distinct tolerance pathways can synergize to unleash autoimmunity and have implications for the genetic susceptibility of autoimmune disease. LYN-and AIRE-mediated tolerance checkpoint defects synergize to trigger organ-specific autoimmunity viduals with the T232/T232 genotype have a 1.7-times relative risk of developing SLE (17) . Rarer but exhibiting a larger relative risk are loss-of-function mutations in sialic acid acetylesterase (SIAE), which is critical for the function of CD22, an inhibitory receptor whose function requires LYN; such mutations have been found at elevated frequencies in individuals with SLE, rheumatoid arthritis, and type 1 diabetes (T1D) (18) . While most individuals with these contribute substantially to autoimmune susceptibility for SLE and possibly other autoimmune diseases. An amino acid variant in the transmembrane domain of the inhibitory receptor FcγRIIb (T232 allelic form; present in approximately 10% of people of mixed European descent and 20% to 25% of Southeast Asians and Africans) excludes this receptor from the lipid raft domains of the plasma membrane and compromises inhibitory function (16) , and indi- for antibodies to BPIFB1, a major lung autoantigen in Aire -/mice (data not shown), and similar inflammation was seen in some single-mutant mice ( Figure 1A and ref. 21) . Surprisingly, histological sections of eyes from 4 of 10 double-mutant mice showed evidence of a severe retinal lymphocytic infiltration, which was absent from the single-mutant mice. Thus, the eye was the only organ from our panel that appeared to be selectively affected in double-mutant mice. In addition, there was no difference in titers of anti-dsDNA IgG antibodies or time of their onset between double mutants and LYN-deficient mice, suggesting that reduced Aire function did not affect lupus-like disease in Lyn -/mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI84440DS1). We therefore chose to focus our further investigation on retinal disease in the double-mutant mice. The eyes of 5-month-old mice were analyzed by in vivo funduscopic imaging and subsequent histology ( Figure 1B ). Funduscopy revealed severe inflammation, including multiple retinal lesions with areas of complete retinal destruction, characteristic of advanced uveitis. By histology, disease manifested as extensive mononuclear infiltrates in the retina and choroid, and destruction of photoreceptor outer segments and nuclei. Over the course of the study, a cohort of 100 mice were analyzed at 3-6 months of age, and the incidence of retinal disease was 48%. None of the Lyn -/mice examined developed uveitis, and disease was seen in only 6% of Aire GW/+ mice ( Table 1 ). In addition, ten 4-to 6-month-old Aire GW/+ Lyn +/mice were evaluated by funduscopy and histology and were all found to be free of uveitis, suggesting that haploinsufficiency of LYN was not enough to drive AIRE-dependent uveitis (Table 1) .
To gain a better understanding of the dynamics of eye disease, we followed double-mutant mice longitudinally by funduscopy and retinal histology through early, intermediate, and late stages of uveitis ( Figure 1C ). The first signs of uveitis were typically seen at around 6 weeks of age, with some mice developing infiltrates as early as 5 weeks. Early uveitis was characterized by swelling of retinal vessels and perivascular exudates ( Figure 1C , bottom left), with mononuclear cells observed around blood vessels and in the subretinal space ( Figure 1C , top left, inset). In mice with earlystage disease, leakiness of retinal vasculature was demonstrated by use of a fluorescein tracer ( Figure 1D ). These early changes developed into full-blown inflammation around 2 months of age, with multiple retinal lesions consisting of massive mononuclear cell infiltration into the choroid and subretinal space, resulting in obliteration of the rod outer segment layer ( Figure 1C , middle). During late stages of disease, complete obliteration of retinal architecture, scarring, and atrophy ensued ( Figure 1C , right). The time of onset and dynamics of uveitis in the double-mutant mice were similar to those seen in the Aire -/mice (22) . Interestingly, the dynamics of uveitis in Aire GW/+ Lyn -/mice were consistent among multiple cohorts over the course of the study, and mice that were free of uveitis at 8 to 10 weeks of age always remained disease free for as long as they were monitored.
Uveitis in Aire GW/+ Lyn -/mice is accompanied by an adaptive immune response to IRBP. The uveitis seen in mice completely deficient in Aire is strongly linked to a T cell response to a retinal autoantigen, interphotoreceptor retinoid-binding protein (IRBP), whose expression in the thymus is controlled by AIRE (23). In diseases have normal alleles of SIAE, individuals with loss of function of SIAE have an 8-fold increased risk of developing autoimmune disease. Interestingly, T1D is a quintessential organ-specific autoimmune disease, suggesting that LYN-dependent inhibitory pathways may be important for preventing organ-specific autoimmunity as well as systemic autoimmunity.
To test the hypothesis that a defect in a peripheral tolerance pathway can interact with a defect in central tolerance, we generated Lyn-deficient mice also harboring a dominant-negative mutation in Aire on an autoimmune-resistant genetic background. Remarkably, these double-mutant mice were found to develop an early-onset, highly penetrant, and highly destructive autoimmune uveitis. Mechanistic analysis of this digenic autoimmune disease model demonstrated that LYN deficiency in DCs results in increased priming in the immunologic periphery of T cells recognizing an AIRE-regulated retinal self-antigen. This altered priming permitted expansion of an organ-specific population of T cells that had escaped deletion during development in the thymus because of reduced function of AIRE. Taken together these results demonstrate how defects in distinct genetic pathways that control immune tolerance can synergize to unleash autoimmune disease.
Results
Aire GW/+ Lyn -/double-mutant mice spontaneously develop posterior uveitis. A dominant-negative allele of Aire containing the G228W point mutation when combined with a WT Aire allele results in hypomorphic AIRE function and on the autoimmune-resistant C57BL/6 genetic background leads to a mild autoimmune susceptibility limited to lacrimal and salivary gland infiltrates in Aire GW/+ mice (19) . To determine whether a defect in LYN could enhance this mild susceptibility and affect the disease spectrum, we generated a line of double-mutant Aire GW/+ Lyn -/mice. Cohorts of double-mutant mice and single-mutant controls were aged for 8 to 10 months and analyzed for the presence of inflammatory infiltrates in organs known to be a target of autoimmune attack in mice completely deficient in Aire (19, 20) .
Histological sections of lacrimal and salivary glands from Aire GW/+ Lyn -/double mutants revealed lymphocytic infiltrates similar in incidence and severity to Aire GW/+ mice ( Figure 1A ). Furthermore, infiltrates in the stomach, pancreas, liver, lungs, and sciatic nerve of the double-mutant mice were generally mild or absent ( Figure 1A ). Two of 10 double mutants had moderate lung infiltrates; however, the sera from these mice were negative Uveitis in Aire -/mice is also accompanied by an expansion of CD4 + T cells specific for the P2 peptide, corresponding to amino acids 271-290 of IRBP (24) . Importantly, P2-specific T cells are negatively selected in Aire +/+ mice, and their escape from the thymus occurs in Aire -/mice (24) . We used a fluorescently labeled I-A b tetramer reagent to detect P2-specific CD4 + T cells within the polyclonal T cell repertoire of double-mutant mice with and without uveitis. Cells from the eye-draining cervical and submandibular lymph nodes and the spleen of individual mice were pooled, incubated with P2 tetramer, enriched, and analyzed by flow cytometry. A robust expansion of P2-specific CD4 + T cells was detected in double-mutant mice with uveitis ( Figure 2 , B and C). Moreover, a majority of tetramer-binding CD4 + T cells expressed high levels of the activation marker CD44 ( Figure 2B ), suggesting previous antigen encounter. These data demonstrate that uveitis in Aire GW/+ Lyn -/mice is accompanied by an adaptive immune response to IRBP, including expansion of AIRE-regulated IRBP-specific CD4 + T cells in the periphery and production of anti-IRBP antibodies.
Uveitis in Aire GW/+ Lyn -/mice is accompanied by retinal infiltration of activated CD4 + T cells. We next examined the T cell response in the retinas of Aire GW/+ Lyn -/mice with uveitis. Con-addition, spontaneous uveitis in the Aire GW/+ Lyn -/double-mutant mice started with destruction of the photoreceptor layer ( Figure  1C ), which is where IRBP functions. Therefore, we decided to examine the adaptive immune responses to IRBP in these mice.
To gain insight into the target of the adaptive autoimmune response in the eye, sera from mice with and without uveitis were immunoblotted against mouse whole eye extracts (Supplemental Figure 2 ). Sera derived from Aire GW/+ Lyn -/mice with uveitis but not from unaffected double mutants reacted strongly with a single 150-kDa antigen, which corresponds to the molecular weight of IRBP (23) . No other reactivities were detected in this assay, suggesting that there was minimal epitope spreading to other specificities. To examine the magnitude of the anti-IRBP response in a cohort of 5-to 9-month-old double-mutant and control mice, we measured serum IgG binding to radiolabeled mouse IRBP synthesized in vitro ( Figure 2A ). All double-mutant mice with uveitis had detectable titers of anti-IRBP antibodies. None of the healthy double-mutant mice or control mice had these antibodies, with the exception of a single Aire GW/+ mouse, which had disease. Therefore, the presence of anti-IRBP IgGs closely correlated with uveitis. focal fluorescence microscopy images of retinal sections from mice at the peak of disease, but not from healthy double-mutant mice, displayed significant T cell infiltrates in the outer retina and choroid ( Figure 3A ). To gain insight into the composition and characteristics of this T cell infiltrate, we isolated healthy or uveitic retinas of Aire GW/+ Lyn -/mice of different age groups, corresponding to early (5-7 weeks), intermediate (8-16 weeks) , or late (17-40 weeks) disease based on our funduscopy and histology data ( Figure 1C ), and analyzed their cellular composition by flow cytometry. As expected, T cells were largely absent from retinas of double-mutant mice without uveitis, whereas diseased retinas manifested a massive influx of T cell receptor-β-positive (TCRβ + ) T cells, comprising most of the CD45 + infiltrating cells in the retinas during the peak of disease ( Figure 3B ). The numbers of infiltrating T cells and other mononuclear cells declined during late stages of the disease. Longitudinal analysis of anti-IRBP antibody titers in double mutants with uveitis revealed a similar dynamic: the titers rose as early as 6 weeks of age, remained high for the duration of active retinal inflammation, and declined at 4-6 months of age ( Figure 3F ). Further analysis of the retina-infiltrating TCRβ + cells revealed that CD4 + T cells outnumbered CD8 + T cells approximately 2.5:1 in younger (5-to 16-week-old) mice and to a lesser degree, 1.4:1, in older (16-to 40-week-old) mice with more advanced retinal destruction ( Figure 3C ). Moreover, retina-infiltrating CD4 and CD8 T cells from mice with active uveitis expressed high levels of the activation marker CD44 ( Figure 3D ). Interestingly, retina-infiltrating T cells were more activated, as assessed by CD44 expression, than T cells from the eye-draining cervical and submandibular lymph nodes isolated from the same animals ( Figure  3D ). In sum, these data suggest a massive influx of activated T cells into the retina, consistent with a CD4 + T cell-dependent autoimmune uveitis.
Retina-infiltrating CD4 + T cells are specific for several epitopes of IRBP. To determine whether some of the retina-infiltrating CD4 + T cells in the double-mutant mice were specific for IRBP, we performed flow cytometry with the P2 tetramer on retinal single-cell suspensions. A significant fraction of retina-infiltrating CD4 + T cells bound to the P2 tetramer, comprising on average 3% of total retinal CD4 + T cells during peak disease ( Figure 3E , left). P2-specific cells expressed high levels of the activation marker CD44 compared with the total CD4 + T cell infiltrate ( Figure 3E , left). Similar numbers of P2 tetramer-specific CD4 + cells were also seen in the eye-draining lymph nodes ( Figure 3E , right). We also used I-A b tetramers to assess the numbers of CD4 + T cells recognizing 2 other IRBP epitopes that have been previously analyzed in uveitis in C57BL/6 mice: IRBP 651-670, which has been shown to be highly uveitogenic when used to immunize WT C57BL/6 mice (25) , and IRBP 771-790, or P7, which, similarly to P2, is recognized by CD4 + T cells expanded during spontaneous uveitis in peripheral lymphoid organs of Aire -/mice (24) . We found that there was robust expansion of both IRBP 651-670-specific and P7-specific T cells in the eye-draining lymph nodes, and to a lesser extent in the retinas of 6-to 12-week-old Aire GW/+ Lyn -/mice with active uveitis ( Figure 3G ). Interestingly, P2-specific CD4 + T cells seemed to be more prevalent in the retinas of mice with uveitis than were CD4 + T cells recognizing these other 2 IRBP epitopes.
Depletion of commensal gut bacteria does not prevent uveitis in Aire GW/+ Lyn -/mice. Signals derived from the microbiota can contribute to activation of innate cells and priming of autoreactive T cells and have been implicated in a number of autoimmune diseases, including autoimmune uveitis (26, 27) . Thus, we wondered whether development of uveitis in our model is dependent on the presence of intestinal commensal bacteria. We treated Aire GW/+ Lyn -/mice with a broad-spectrum antibiotic cocktail from birth until 12 weeks of age, at which point they were analyzed by funduscopy for presence of uveitis. Antibiotic treatment was effective in depleting both aerobic and anaerobic bacteria, as assessed by colony-forming unit counts of colonic contents cultured under aerobic or anaerobic conditions (Supplemental Figure 3A) ; however, there was no difference in the incidence of uveitis compared with that in untreated controls ( Table 2 ). This indicates that signals from commensal bacteria are unlikely to contribute to uveitis development in Aire GW/+ Lyn -/mice.
Deletion of Lyn in DCs combined with reduced AIRE function is sufficient for uveitis. LYN is expressed in most immune cell types other than T cells. Deficiency of LYN in either DCs or B cells is sufficient to lead to spontaneous systemic autoimmunity in C57BL/6 mice (11, 12) . To gain insight into which cell type promotes uveitis in Aire GW/+ mice, we generated Aire GW/+ mice carrying a floxed Lyn allele and crossed them to Cre-recombinase-expressing lines that delete either in DCs (Cd11c-Cre), in macrophages and neutrophils (LysM-Cre), or in B cells (Mb1-Cre).
Cohorts of mice were aged and evaluated for the presence of uveitis by funduscopic examination starting at 6 weeks of age Aire GW/+ Lyn -/mice were given a broad-spectrum antibiotic cocktail from birth until 12 weeks of age, while controls received water only. Presence of uveitis was assessed by funduscopy. Shown are numbers of mice with disease per total number of mice and resulting incidences. (Table 3 and Figure 4A ). As with the Aire GW/+ Lyn -/double-mutant mice, uveitis in Aire GW/+ Cd11c-Cre Lyn fl/fl mice (hereafter called Aire GW/+ Lyn-DC -/-) occurred at a young age, before overt systemic autoimmunity, and was accompanied by high titers of anti-IRBP antibodies and retinal T cell infiltrates, including activated P2 tetramer-specific CD4 + T cells (Figure 4 , C-E). These findings indicate that absence of LYN in DCs is sufficient for induction of autoimmune uveitis in Aire GW/+ mice. Interestingly, the onset of uveitis in the Aire GW/+ Lyn-DC -/mice was slightly delayed, with the first funduscopic changes evident at 7-8 weeks of age as opposed to 5-6 weeks of age in the Aire GW/+ Lyn -/mice ( Figure 4B ), indicating that in addition to DCs, Lyn deficiency in another cell type may contribute to development of autoimmune uveitis. Notably, the retina has a resident population of innate immune cells predominantly consisting of microglia but also including DCs (28, 29) . These cell types are known to express LYN in other tissues; however, expression of LYN in the retina has not been formally demonstrated previously. Using an immunohistochemical approach, we examined retinal sections for LYN expression. Strong LYN expression was detected in the WT retina, but not in the retina of LYN-deficient mice (Supplemental Figure 4) . LYN-expressing cells were mostly localized to the inner retina and outer plexiform layer and displayed ramified morphology characteristic of retinal microglia (Supplemental Figure 4) . deficient resident CD11b + CD8 -DCs from the cervical lymph node had significantly higher levels of CD86 expression than their WT counterparts ( Figure 5D ). Similar upregulation of CD86 was seen on the LYN-deficient CD11b + CD8 -DCs in the nondraining lymph nodes and spleen, whereas CD86 levels were not significantly altered by LYN deficiency for CD11b -CD8 + DCs or migratory DCs ( Figure 5D and data not shown). Upregulation of CD86 was also observed on CD11b + CD8resident DCs from Lyn-DC -/mice (Supplemental Figure 7 ). Significantly, CD86 upregulation was not diminished by treatment of Lyn -/mice with broad-spectrum antibiotics (Supplemental Figure 3) . Taken together, these data suggest that an increase in CD86 expression is an intrinsic property of LYN-deficient CD11b + DCs. LYN-deficient DCs from bone marrow and spleen have been shown to produce higher levels of proinflammatory cytokines in vitro in response to stimulation with TLR ligands or cytokines (12, 30) . To see whether this is also the case in the steady state, we assessed levels of Il6, Il12a, Il12b, Il23, and Tnfa mRNA ex vivo in unstimulated sorted lymph node DCs. We found that resident DCs from LYN-deficient mice expressed more Il6 and Il12a mRNA as well as more Cd86 mRNA ( Figure 5E ), in agreement with our flow cytometry data.
Discussion
Our goal in these studies was to address the mechanism of multigenic susceptibility to autoimmune disease by introducing into mice defects that compromise more than 1 mechanism of immune tolerance and examining how these defects may interact to lead to autoimmunity. For this purpose, we chose to combine a patient-derived dominant-negative allele of Aire, a gene that is important for central tolerance of T cells to many TSAs, with a complete loss of function of Lyn, which is important for inhibitory receptor function in DCs, B cells, macrophages, and neutrophils. Remarkably, we found that mice with 1 Aire GW allele and 1 Aire + allele, a combination that reduces AIRE function substantially but not completely (31) , when combined with a defect in Lyn, develop a highly destructive autoimmune uveitis. On the autoimmuneresistant C57BL/6 background, Lyn -/mice did not exhibit any eye autoimmunity, and Aire GW/+ mice only rarely developed uveitis, so both genetic defects were required to abrogate immune tolerance to eye autoantigens. The contribution of LYN deficiency to this disease was shown to be cell-intrinsic to DCs and likely involves enhanced priming in the eye-draining lymph node of IRBP-specific T cells that were not tolerized in the thymus because of poor AIRE-induced expression of IRBP. Recent studies have found autosomal dominant mutations in AIRE in a handful of individuals with autoimmune disease (7, 8) . Individuals with these mutations, which may have functional similarity to the Aire GW allele that we used, exhibit fewer autoimmune features and slower onset when compared with patients with the complete absence of AIRE function. Our findings suggest that additional genetic autoimmune susceptibility alleles may be needed to lead to autoimmunity in these individuals, who may be more common than previously recognized. Moreover, our results provide mechanistic insight into how a defect in T cell central tolerance and an alteration in peripheral antigen presentation by DCs may synergize to lead to organ-specific autoimmune disease.
Increased antigen presentation by LYN-deficient DCs in the eye-draining lymph node leads to expansion of IRBP-specific T cells in Aire GW/+ Lyn -/mice.
As there were substantial numbers of IRBP P2 tetramer-binding CD4 + T cells in the retinas of Aire GW/+ Lyn -/mice with uveitis, we examined their numbers in the eye-draining (cervical and submandibular) or in other peripheral (axillary and inguinal) lymph nodes of individual animals. We found a significant expansion of P2-specific CD4 + T cells in the eye-draining but not in the nondraining peripheral lymph nodes of double-mutant mice with uveitis ( Figure 5A ). Interestingly, a small but significant population of P2-specific CD4 + T cells could also be seen in the draining lymph nodes of double mutant mice without uveitis, whereas there was no detectable expansion in either of the singlemutant mice ( Figure 5A ). This result suggested that there was more IRBP reaching the draining lymph of double-mutant mice without evident inflammation of the retina and/or the LYN-deficient DCs that presented IRBP in the draining lymph were more stimulatory than WT DCs.
To test whether eye-draining lymph node DCs from LYNdeficient mice indeed presented more IRBP, we isolated DCs from either eye-draining or peripheral lymph nodes by anti-CD11c magnetic bead enrichment and examined the ability of DCs from these different sites to stimulate a T cell hybridoma specific for the P2 peptide of IRBP (24) . The DCs from eye-draining lymph nodes of Lyn -/mice were significantly better at stimulating the hybridomas than were WT DCs across a range of DC numbers tested, indicating that more endogenous IRBP was presented ( Figure 5B ). Importantly, the addition of MHC class II-blocking (MHCII-blocking) antibody largely abolished the increased stimulatory effect of LYN-deficient DCs, indicating that the response involves recognition of peptide/MHCII complexes by the TCR of the hybridoma cells ( Figure 5C ). As expected, the stimulation of the P2-specific hybridoma was also dependent on the presence of IRBP in the eye-draining lymph nodes, since there was little or no stimulation by DCs from nondraining lymph nodes from the same mice or by draining lymph node DCs from Irbp -/mice ( Figure 5B ). Additionally, there was no difference in the hybridoma-stimulatory ability of draining lymph node DCs between young Lyn -/mice with no antinuclear antibodies and aged mice with high titers of antinuclear antibodies, indicating that increased IRBP presentation in the Lyn -/mice is likely unaffected by the lupus-like disease in the older mice (Supplemental Figure 5 ).
To determine whether increased stimulatory capacity of LYN-deficient DCs was due to enhanced processing of IRBP, Lyn +/+ or Lyn -/-DCs were given a range of concentrations of exogenous whole IRBP or P2 peptide. Both DCs stimulated the hybridomas equally well, indicating that antigen processing is not augmented in the absence of Lyn (Supplemental Figure 6 ). Importantly, draining lymph node DCs from Lyn-DC -/mice were also better at stimulating the hybridomas than control DCs, indicating that the effect of LYN deficiency was DC-intrinsic (Supplemental Figure 7) . Overall, these results suggest that, in the absence of LYN, increased amounts of IRBP are presented by eye-draining lymph node DCs.
We next tested whether there was a difference in activation status between Lyn +/+ and Lyn -/lymph node DC populations by examining surface levels of the CD86 activation marker. LYNjci.org Volume 126 Number 10 October 2016
ing whether or not autoreactive T cells that escape thymic deletion are activated and/or whether their expansion can proceed to autoimmune attack. Interesting in this regard, a previous study has shown that complete AIRE deficiency combined with a defect in T cell anergy (Cblb) results in autoimmune exocrine pancreatitis (32) . We did not see a high-penetrance attack on the exocrine pancreas in the Aire GW/+ Lyn -/mice, suggesting that different combinations of autoimmune susceptibility alleles may differentially sensitize to different forms of organ-specific autoimmunity. Although we have presented evidence suggesting that LYN deficiency may compromise T cell peripheral tolerance in a general sense, it is also possible that LYN has a unique role in maintaining tolerance to retinal antigens, perhaps reflecting a role in promoting retinal homeostasis. We found that LYN expression in the retina was localized to ramified cells with typical microglial morphology (Supplemental Figure 4) . Retinal microglia can act as antigen-presenting cells, and a subset of them have been shown to express CD11c (29) ; thus, increased local antigen presentation or increased trafficking of antigen to the draining lymph nodes may play a role in the induction of uveitis in the double-mutant mice. Whether microglial function is altered in LYN-deficient mice, resulting in increased IRBP levels in the eye-draining lymph nodes, is a focus of our ongoing investigation of this new autoimmune model. Notably, LysM-Cre exhibits poor gene recombination efficacy in resting microglia (33) , making this strain a poor model to study Lyn deletion in microglia, potentially explaining the lack of uveitis in LysM-Cre Lyn fl/fl mice. In any case, a limited breakdown of tolerance is a feature of the vast majority of patients with autoimmune disease, so understanding the basis of this restriction is an important problem.
The development of uveitis in double-mutant mice followed a time course that closely resembled that of the complete Aire knockout (20, 22) , with the earliest funduscopic findings appearing at 5 to 6 weeks of age ( Figure 1B) . In contrast, the first signs of autoimmunity in Lyn -/mice manifest around 3 to 4 months of age and include progressive increases in antinuclear antibodies, proinflammatory cytokines, and T cell activation, culminating in severe lupus-like autoimmunity by 8 to 10 months of age (34) . Thus, uveitis in the Aire GW/+ Lyn -/mouse model precedes the onset of systemic autoimmune disease seen in Lyn -/mice. Notably, the uveitis that developed in double-mutant mice was always evident by 12 weeks of age, and the remaining 50% of animals did not develop disease up to 1 year of age (data not shown). Moreover, DCs from LYN-deficient mice with active lupus-like disease did not present increased amounts of IRBP in the eye-draining lymph nodes, as assessed by the use of IRBP-specific T cell hybridomas (Supplemental Figure 5 ), suggesting that the highly proinflammatory environment in aged Lyn -/mice was not a major contributor to the onset of autoimmune uveitis.
LYN-deficient DCs are hyperresponsive to stimulation with Toll-like receptor (TLR) ligands, and deletion of MyD88 in a DC-specific or complete Lyn knockout is sufficient to reverse systemic autoimmunity, suggesting that the microbiota may contribute to systemic autoimmunity and inflammatory disease in these mice (12, 30) . We found that depleting commensal flora in Aire GW/+ Lyn -/mice with a broad-spectrum antibiotic cocktail did not diminish activation of LYN-deficient lymph node DCs or reduce Previous work had established a critical role for AIRE in central tolerance of T cells that recognize TSAs, including those that recognize the retinal protein IRBP. Here we have shown that Lyn deficiency promotes expansion of IRBP-specific T cells and a severe uveitis in mice with a partial defect in Aire. Unlike Aire -/mice, which completely lack IRBP expression in the thymus, Aire GW/+ mice express a small amount of thymic IRBP, which is about one-tenth of the WT levels (19) . Thus, we hypothesize that some IRBP-specific T cells escape negative selection in the thymus of Aire GW/+ Lyn -/mice and can be activated and expanded in the eye-draining lymph node where the LYN-deficient DCs present IRBP peptides. Indeed, there was an expansion of P2-specific T cells in eye-draining lymph nodes of all double-mutant mice, with a greater expansion in both draining lymph nodes and retinas in mice with disease. Notably, during peak disease, we could also detect expansion of T cells specific for 2 other IRBP epitopes, IRBP 651 and P7, which have been associated with induced and spontaneous uveitis (24, 25) . Interestingly, there appeared to be more P2-specific CD4 + T cells than T cells specific for these other epitopes in retinas of mice with disease. Moreover, it has been shown that AIRE-directed expression of IRBP in the thymus leads to clonal deletion of P2-specific T cells but not of P7-specific T cells (24) . Thus, an attractive hypothesis is that P2-specific T cells initiate disease and that tissue damage leads to epitope spreading to activate IRBP 651-and/or P7-specific T cells, but future experiments will be needed to address the detailed nature of the initiation of uveitis in this new digenic autoimmunity model. Deletion of Lyn in DCs but not in B cells or myeloid cells was sufficient for disease induction in combination with the dominant-negative allele of Aire. Moreover, DCs from the eye-draining lymph nodes of Lyn -/or Lyn-DC -/mice were better at stimulating a P2 IRBP-specific T cell hybridoma in the absence of exogenous antigen, indicating that more self-antigen was presented by the DCs in the draining lymph nodes if the DCs were deficient for LYN. This observation likely explains why there was an expansion of IRBP-specific CD4 + T cells in the eye-draining lymph nodes of the mice without disease. The hyperactive phenotype of LYN-deficient DCs, characterized by increased expression of CD86 and proinflammatory cytokines IL-6 and IL-12 by a subset of lymph node DCs ( Figure 5 , D and E), may have additionally contributed to this expansion. These results indicate that in the Aire GW/+ Lyn -/mice, there is compromised central tolerance due to reduced AIRE function combined with impaired peripheral tolerance due to absence of Lyn-mediated inhibitory pathways in DCs, leading to the expansion of IRBP-specific T cells, which in about 50% of the mice go on to infiltrate the retinas and cause autoimmune tissue destruction.
It was surprising that the retina was the only organ severely affected in the Aire GW/+ Lyn -/double mutants and that no synergy was observed for other organs that can be subject to autoimmune attack in mice with complete AIRE deficiency. In part, this restricted failure of immune tolerance may be due to the nature of the autoimmune-resistant C57BL/6 background. C57BL/6 Aire GW/+ mice develop infiltrates in the salivary and lacrimal glands only, while on the autoimmune-prone NOD background a number of additional organs are affected despite similarly compromised levels of TSA expression in the thymus (19) . This observation suggests that peripheral tolerance mechanisms have a key role in determinjci.org Volume 126 Number 10 October 2016
of Lyn-deficient mice were significantly more potent at stimulating the IRBP-specific hybridoma in an MHCII-dependent fashion than were DCs from the eye-draining lymph nodes of WT mice, while no difference was observed in stimulation by DCs from the peripheral lymph nodes ( Figure 5 , C-E). The IRBP-specific T cell hybridoma was apparently not sensitive to the elevated expression of CD86 by the Lyn -/-DCs, but it is possible that the in vivo priming of IRBP-specific CD4 + T cells was enhanced by both the presence of more IRBP peptide/MHCII complexes and the hyperactive phenotype of the DCs in the draining lymph nodes. In summary, in order to gain insights into the mechanisms of multigenic autoimmune susceptibility, we created a novel model of digenic autoimmune susceptibility and found that a surprisingly restricted organ-specific autoimmunity emerged from synergy of defects in central T cell tolerance and inhibitory signaling pathways in DCs. Autoimmune disease is often broadly segregated into organ-specific and systemic autoimmunity. Previous work has suggested that LYN deficiency results in a systemic autoimmune syndrome characterized by anti-DNA antibodies, immune complex deposition in the kidneys, and kidney disease (10) . Here we report that LYN deficiency helps provoke an organ-specific autoimmune disease when combined with a partial deficiency in central tolerance to tissue-specific antigens in the thymus. Frequently patients with systemic autoimmune disease like SLE, rheumatoid arthritis, and ankylosing spondylitis will manifest organ-specific autoimmune features like uveitis or thyroiditis (40, 41) . Our findings here help shed further light on how this may occur through the interplay of innate and adaptive immune tolerance checkpoints. Refined analysis of LYN deficiency demonstrated that it can lead to increased activation of DCs and enhanced antigen presentation, which results in enhanced priming of a small pool of autoreactive T cells that escape the thymus. Thus, one can envision a model whereby subjects with defects in innate tolerance checkpoints can also develop organ-specific autoimmune features if there is an interaction with an underlying defect in a major adaptive immune tolerance checkpoint like that controlled by AIRE.
Methods
Mice. Aire GW/+ , Lyn -/-, Lyn fl/fl , Cd11c-Cre, Mb1-Cre, and LysM-Cre mice were previously described (12, 19, (42) (43) (44) . WT mice were obtained from the Jackson Laboratory. All animals were backcrossed at least 10 generations onto the C57BL/6 background and housed in a specific pathogen-free facility at UCSF in accordance with University and NIH guidelines. All mice were screened for the retinal degeneration 8 (rd8) mutation in the crumbs 1 (Crb1) gene using the primers and protocol previously described (data not shown and ref. 45 ). All strains were negative for the rd8 mutation with the exception of the Mb1-Cre Lyn fl/fl line, which was Crb1 rd8/rd8 .
Anti-dsDNA ELISA. Serum titers of anti-dsDNA IgG were determined by ELISA as previously described (46) . Antibody titers were normalized to pooled sera from aged MRL/lpr mice run on the same plate.
Western blots. Extracts were made from eyes of WT mice. To screen for the presence of IgG autoantibodies, eye proteins were resolved by SDS-PAGE, transferred to nitrocellulose filters, and incubated with sera from individual mice as previously described (23) .
Radioligand binding assay. Full-length mouse IRBP cDNA was transcribed, in vitro translated, and biosynthetically labeled with incidence of uveitis (Supplemental Figure 4 and Table 2 ). Breeding these mice under germ-free conditions would be a more stringent test of whether removal of the microbiota affects disease incidence, but the antibiotic treatment we used was highly effective in depleting gut bacteria, suggesting that they are not important for spontaneous development of uveitis. Notably in this regard, MyD88-deficient or germ-free Aire -/mice do not have reduced organ-specific autoimmune disease, suggesting that stimulation of innate immune cells by commensal organisms does not play a major role in activating AIRE-dependent T cell specificities (35) .
Our data provide strong genetic evidence that Lyn-deficient DCs are the main cell type contributing to activation of uveitogenic T cells in the Aire GW/+ Lyn -/mice. Major LYN-expressing cell types include DCs, B cells, and myeloid cells. All 3 are capable of acting as antigen-presenting cells; however, DCs are the most effective cell for priming naive T cells. Deletion of Lyn in either B cells (with Mb1-Cre) or myeloid cells and neutrophils (with LysM-Cre) did not result in uveitis when combined with the Aire GW/+ allele. This result was somewhat surprising, as deletion of Lyn in either B cells or DCs was sufficient for lupus-like disease manifestations, including production of antinuclear antibodies and elevated systemic T cell activation (19) . DCs have emerged as key regulators of T cell tolerance (36) , but have also been implicated in the induction of autoimmune disease in a number of mouse models. For example, there is considerable evidence that altering inhibitory or survival signaling in DCs results in systemic autoimmunity and/or inflammatory disease at epithelial barriers. Similar to Lyn, mice with DC-specific deletion of Shp1 or A20 have severe lupus-like autoimmune diseases with a strong inflammatory component, whereas mice with a DC-specific deletion of Flip develop severe inflammatory arthritis (37) (38) (39) . In any case, the results presented here highlight a critical role of Lyn signaling in DCs for promoting tolerance to retinal antigens.
How do LYN-deficient DCs prime IRBP-specific T cells? Important insights into the mechanism were obtained from cocultures of lymph node DCs with an IRBP-specific T cell hybridoma. Since no exogenous antigen was added to the cultures, the amount of hybridoma stimulation was a readout of the priming ability of lymph node DCs presenting endogenous IRBP. Significantly, DCs obtained from the eye-draining lymph node of WT mice were better at stimulating the hybridomas than their peripheral lymph node counterparts ( Figure 5C ). This difference was abolished in the presence of an MHCII-blocking antibody ( Figure 5C and data not shown), indicating that the stimulatory effect observed was due to the P2 presentation by the DC MHCII complexes. These findings indicate that some retinal antigen was draining to the cervical and submandibular lymph nodes, where it was presented by the DCs. We presume that in an Aire +/+ Lyn -/mouse, the T cells that are able to recognize the uveitogenic IRBP epitope are absent, and therefore no retinal disease ensues. In contrast, in an Aire-deficient mouse, there are circulating IRBP-reactive cells that can be primed by IRBP-presenting DCs to cause uveitis. Aire GW/+ mice appear to lie in the middle of this spectrum, since they do not normally develop uveitis on the C57BL/6 background and require an additional "push" from LYN-deficient DCs to develop disease. This interpretation is supported by the fact that DCs from the eye-draining lymph nodes jci.org Volume 126 Number 10 October 2016 sions were prepared by mashing of the cells through a 40-μm filter and blocked with anti-mouse CD16/CD32 (24G2) (UCSF Hybridoma Core Facility) and 5% normal rat serum. For retinal cell staining, mice were perfused with 20 ml of PBS through the left ventricle of the heart, and both retinas were dissected and transferred to RPMI 1640 medium containing 10% FBS. Retinas were minced with scissors and digested in the medium containing 0.5 mg/ml collagenase D (Roche) and 100 U/ml DNase (Worthington Biochemicals) for 1 hour at 37°C. Tissue was dissociated by gentle pipetting and passed through a 70-μm strainer. The resulting single-cell suspension was analyzed by flow cytometry using Accucheck counting beads (Invitrogen) to obtain absolute cell counts. To subtract the background numbers of blood-derived retinal T cells remaining in the vasculature after perfusion, WT mice were injected with fluorescently labeled anti-CD45 antibody i.v. through the retro-orbital venous sinus 10 minutes before perfusion and retinas analyzed by flow cytometry.
For DC sorting and staining, lymph nodes or spleen were digested in RPMI 1640/10% FBS containing 1 mg/ml collagenase D and 100 U/ml DNase for 1 hour at 37°C. Immediately after digestion, collagenase was inactivated with 2 mM EDTA, and cells were passed through a 100-μm filter and stained.
Antibodies used included CD45 (30-F11; BD Pharmingen), TCRβ (H57-597; eBioscience), CD4 (GK1.5; Biolegend) CD8 (53-6.7; Biolegend), CD44 (IM7; Biolegend), B220 (RA3-6B2; eBioscience), F4/80 (BM8; Biolegend), CD11b (M1/70; Biolegend), and CD11c (N418; Biolegend).
Flow cytometry was performed using an LSRII Flow Cytometer (BD Biosciences) at the Flow Cytometry Core at UCSF, and analyzed using FlowJo software (Tree Star Software).
Tetramer analysis. Allophycocyanin-conjugated I-A b P2 tetramer (QTWEGSGVLPCVG) corresponding to mouse IRBP amino acids 277-290 and phycoerythrin-conjugated I-A b P7 tetramer (SYSSAVPLLCSY) corresponding to mouse IRBP amino acids 771-782 were obtained from the NIH tetramer facility, Atlanta, Georgia, USA. I-A b IRBP 654-664 tetramer (GAYRTAVDLES) was generated by Moon et al., as described previously (49) . Staining of endogenous tetramer-specific T cells was performed as described previously (24, 50) . Briefly, single-cell suspensions were incubated with tetramer for 1 hour at room temperature, followed by magnetic bead enrichment for tetramer-positive cells. The positively selected cells were stained, and tetramer-reactive cells were gated on CD3 + CD4 + CD8 -B220 -CD11b -CD11c -F4/80lymphocytes and analyzed by flow cytometry. Counting beads (Accucheck; Invitrogen) were used to obtain absolute cell counts.
For tetramer analysis of infiltrating retinal T cells, retinal lymphocytes were enriched by centrifugation through a 30%/37%/70% Percoll step gradient and incubated with tetramer for 1 hour at room temperature. Because of the small number of total lymphocytes present in retinas, further enrichment with MACS beads was not necessary, and tetramer-positive cells were analyzed following direct staining of the whole lymphocytic fraction.
Quantitative PCR. Total RNA was extracted from sorted lymph node DCs with a QIAGEN RNeasy Micro kit according to the manufacturer's instructions. RNA was reverse transcribed to generate cDNA using iScript cDNA synthesis kit (Bio-Rad). Cytokine mRNA was quantified using TaqMan Gene Expression Assay probes (Life Technologies) according to the manufacturer's instructions. All samples were normalized to GAPDH, and the values are shown as arbitrary units. 35 S-methionine using the TNT Quick Coupled Transcription/Translation System (Promega). Radiolabeled protein was immunoprecipitated with serum samples loaded in triplicate in 96-well PVDF filtration plates (Millipore). Radioactivity retained in the filter was measured using a liquid scintillation counter (1450 MicroBeta Trilux; Perkin-Elmer). A rabbit polyclonal anti-IRBP IgG antibody was used as a positive control (SC-25787; Santa Cruz Biotechnology). IRBP autoantibody indices for samples were calculated using the following formula: (cpm of unknown -cpm of negative standard) ÷ (cpm of positive standard -cpm of negative standard) × 100.
Fundus examination. Ocular funduscopy was performed using a Micron III camera (Phoenix Research Labs Inc.). Mice were anesthetized with ketamine (100 mg/kg)/xylazine (10 mg/kg). Tropicamide ophthalmic 1% and phenylephrine hydrochloride 2.5% eye drops were applied to relax eye muscles and dilate the pupil. Goniovisc hypromellose 2.5% was used during imaging and to avoid dryness of the cornea. For the test of blood-retinal barrier integrity, fluorescein angiography was performed immediately after i.p. injection of 20 μl of fluorescein sodium (25 mg/ml in PBS; Altaire Pharmaceuticals Inc.). Presence of uveitis and disease severity was determined using a previously described grading system (47) .
Histology. Organs from mice were harvested and fixed overnight in 10% formalin, embedded in paraffin, sectioned, and stained with H&E. Immune infiltrates of organs were scored as previously described in a blinded fashion (19) . Presence of uveitis was determined and scored based on the histological findings.
Immunofluorescence. Whole globes were dissected from the orbit by cutting of the optic nerve and moved to PBS. The clear cornea was removed under a dissecting microscope and the lens and vitreous removed with fine forceps. Eyecups were fixed in 1% paraformaldehyde for 30 minutes at room temperature followed by washing in PBS 3 times for 15 minutes. Fixed eyecups were embedded in OCT compound, and 20-μm sections were cut on a CM3050 S cryostat (Leica Microsystems). Sections were air-dried for 1 hour at room temperature and stained directly or stored at -80°C. Dried sections were blocked with BlockAide (Life Technologies) for 1 hour followed by staining with anti-CD3 antibody (rabbit polyclonal; Abcam) diluted in Block-Aide at 1:250 overnight in a humidified chamber at 4°C. Sections were washed with PBS and stained with goat anti-rabbit secondary antibody conjugated to Alexa555 (Life Technologies) diluted in BlockAide at 1:1,000 and DAPI (Life Technologies). Stained retinal sections were then mounted in ProLong Diamond (Life Technologies) and imaged on an SP5 confocal microscope (Leica Microsystems).
Immunohistochemistry. Whole globes were embedded in OCT compound, and 10-μm sections were cut and stained as described previously (23) with rabbit anti-mouse polyclonal Lyn antibody (34) . Images were acquired with a Zeiss AxioOberver Z1 inverted microscope.
Depletion of intestinal microbiota. Mice were given drinking water containing a broad-spectrum antibiotic cocktail, consisting of vancomycin (50 mg/ml), metronidazole (10 mg/ml), gentamicin (50 mg/ ml), colistin (50 mg/ml), and kanamycin (50 mg/ml) to deplete both aerobic and anaerobic commensal bacteria as previously described (48) . The treatment was given to pregnant dams and continued after weaning until mice were 12 weeks of age.
Tissue preparation and flow cytometry. For tetramer staining, spleen and lymph nodes were dissected, cleaned of fat and fasciae, and transferred to RPMI 1640 medium containing 2% FBS. Single-cell suspenjci.org Volume 126 Number 10 October 2016
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